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ABSTRACT
We perform a stacking analysis of Planck, AKARI, Infrared Astronomical Satellite (IRAS), Wide-
field Infrared Survey Eplorer (WISE), and Herschel images of the largest number of (candidate)
protoclusters at z ∼ 3.8 selected from the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP).
Stacking the images of the 179 candidate protoclusters, the combined infrared (IR) emission of the
protocluster galaxies in the observed 12− 850 µm wavelength range is successfully detected with > 5σ
significance (at Planck). This is the first time that the average IR spectral energy distribution (SED)
of a protocluster has been constrained at z ∼ 4. The observed IR SEDs of the protoclusters exhibit
significant excess emission in the mid-IR compared to that expected from typical star-forming galaxies
(SFGs). They are reproduced well using SED models of intense starburst galaxies with warm/hot
dust heated by young stars, or by a population of active galactic nuclei (AGN)/SFG composites. For
the pure star-forming model, a total IR (from 8 to 1000 µm) luminosity of 19.3+0.6−4.2 × 1013 L and a
star formation rate (SFR) of 16.3+1.0−7.8 × 103 M yr−1 are found whereas for the AGN/SFG composite
model, 5.1+2.5−2.5 × 1013 L and 2.1+6.3−1.7 × 103 M yr−1 are found. Uncertainty remaining in the total
SFRs; however, the IR luminosities of the most massive protoclusters are likely to continue increasing
up to z ∼ 4. Meanwhile, no significant IR flux excess is observed around optically selected QSOs at
similar redshifts, which confirms previous results. Our results suggest that the z ∼ 4 protoclusters
trace dense, intensely star-forming environments that may also host obscured AGNs missed by the
selection in the optical.
Keywords: galaxy evolution — formation
1. INTRODUCTION
Overdense regions at a high redshift known as pro-
toclusters are plausible progenitors of clusters of galax-
ies today and thus important targets to prove the for-
mation history of galaxy clusters and the giant ellipti-
mariko.kubo@nao.ac.jp
cals/brightest cluster galaxies (BCGs) therein. Today,
many protoclusters are found using the surveys of over-
densities of Lyman break galaxies (LBGs; e.g., Steidel
et al. 1998; Toshikawa et al. 2012; Ota et al. 2018),
Lyα emitters (LAEs; e.g., Kurk et al. 2000; Steidel et
al. 2000; Hayashino et al. 2004; Venemans et al. 2007;
Kikuta et al. 2019; Higuchi et al. 2019; Harikane et
al. 2019), Hα emitters (HAEs; e.g., Kurk et al. 2004;
Tanaka et al. 2011; Matsuda et al. 2011), and color
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selection with Spitzer infrared array camera (IRAC)
(Galametz et al. 2012; Wylezalek et al. 2013, 2014;
Noirot et al. 2016, 2018).
The protoclusters at z = 2 − 4, the peak of the cos-
mic star formation density history (Madau & Dickinson
2014), are paticularly important targets to constrain the
star formation history of cluster galaxies. A bunch of
massive galaxies has already appeared in the protoclus-
ters at z <∼ 3 reported by detecting protocluster galaxies
at near-infrared (NIR) such as Hα emitters (e.g., Mat-
suda et al. 2011; Koyama et al. 2013), color selected
massive galaxies (e.g., Kodama et al. 2007; Uchimoto
et al. 2012; Kubo et al. 2013; Noirot et al. 2016, 2018),
including passively evolving galaxies (Kubo et al. 2013;
Noirot et al. 2016, 2018; Shimakawa et al. 2018; Shi et
al. 2019). During the last decade, overdensities of dusty
star-forming galaxies (DSFGs), which have a star for-
mation rate (SFR) of ∼ several 100 M yr−1 or more
but whose ultraviolet (UV) light is absorbed by dust
and re-emitted as thermal emission in the infrared (IR)
(e.g.,Casey et al. 2014), in protoclusters have been found
via deep observations at a mid-IR to mm wavelength us-
ing Spitzer, Herschel and ground-based sub-milimeter
telescopes/arrays (e.g., Tamura et al. 2009; Kato et al.
2016; Wang et al. 2016; Umehata et al. 2017, 2018; Miller
et al. 2018; Oteo et al. 2018; Arrigoni Battaia et al. 2018;
Go´mez-Guijarro et al. 2019; Smith et al. 2019; Harikane
et al. 2019). Such DSFGs are likely main progenitors of
cluster giant ellipticals because they are compatible with
the instantaneous star formation history expected for
them. Particularly at the cores of protoclusters, a sub-
stantial number of the star formation activities are hid-
den in the optical but detectable in the IR (e.g., Wang
et al. 2016; Umehata et al. 2018; Miller et al. 2018; Oteo
et al. 2018). The deep X-ray observations show AGN
overdensities and an enhanced AGN fraction in proto-
clusters that indicate the environmental dependence of
super massive black hole (SMBH) growth though a wide
range of values has been reported (Lehmer et al. 2009;
Digby-North et al. 2010; Lehmer et al. 2013; Kubo et al.
2013; Krishnan et al. 2017; Macuga et al. 2019).
Although there is an increasing number of studies of
protoclusters, it remains difficult to obtain robust statis-
tics because they are quite rare (∼ 1.5 deg−2 at z ∼ 4
in Toshikawa et al. 2016). Previous studies have con-
centrated on high redshift radio galaxies (HzRGs) or
luminous QSOs (e.g., Venemans et al. 2007; Matsuda et
al. 2011; Kikuta et al. 2019), which are thought to have
evolved into the BCGs of today in general while some
protoclusters have been found by chance (e.g., Steidel
et al. 1998; Spitler et al. 2012; Toshikawa et al. 2012;
Ishigaki et al. 2016). The selection bias on them is not
clear. In addition, the properties of the known proto-
clusters vary widely even when they are at the same
redshift. Thus there is a strong need for a large statis-
tical study of protoclusters to investigate their typical
properties and variations as a function of cluster mass
and redshift.
The on-going wide and deep optical imaging survey
by the Hyper Suprime-Cam Subaru Strategic Program
(HSC-SSP; Aihara et al. 2018) is performing a wide and
uniform survey of protoclusters at z = 2− 7 (Toshikawa
et al. 2018). At this point, ≈ 180 protocluster candi-
dates at z ∼ 3.8 have been found based on the overden-
sities of LBGs. According to past protocluster studies,
the properties of protoclusters observed in the optical
are expected to be only “the tip of the iceberg”. How-
ever, it is difficult to conduct multi-band follow up ob-
servations for such a large catalog of candidates. Par-
ticularly, spectral energy distributions (SEDs) in the IR
are necessary to constrain the SFR and AGN activities
obscured by dust. The Atacama Large Millimeter Array
(ALMA) can cover only a portion of the entire IR SEDs.
Unfortunately, currently space telescopes capable of de-
tecting the redshifted mid-far IR emission of galaxies at
high redshift are not available.
Here we perform the statistical study of the IR prop-
erties of the protoclusters by using the archival IR all
sky maps. Lately, plausible clusters of DSFGs at z = 2
to 4 detected as point sources on Planck high frequency
instrument (HFI) sky images has been reported (e.g.,
Clements et al. 2014, 2016; Greenslade et al. 2018). The
spatial resolution and detection limit of the Planck HFI
images are too low to discretely identify galaxies at high
redshift; however they are useful to evaluate the average
total sum flux of protocluster galaxies, though it is diffi-
cult to individually detect protoclusters at z ∼ 4. In this
study, the average of all the IR fluxes from a protoclus-
ter at z ∼ 3.8 is shown for the first time, by stacking the
publicly available archival IR images taken by Planck
(Planck collaboration I 2011), AKARI (Murakami et al.
2007), Infrared Astronomical Satellite (IRAS: Neuge-
bauer et al. 1984), Wide-Field Infrared Survey Explorer
(WISE: Wright et al. 2010), and the Herschel Astro-
physical Terahertz Large Area Survey (H-ATLAS data
release 1, Valiante et al. 2016) of the largest catalog of
the candidate protoclusters at z ∼ 3.8 selected from the
HSC-SSP survey.
This paper is organized as follows: in Section 2, the
HSC-SSP protocluster catalog and archival IR data are
described, in Section 3, the stacking analysis methods
are described, in Section 4, the results are presented,
and in Section 5, the findings are discussed. Throughout
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the paper, a ΛCDM cosmology is adopted with H0 = 70
km s−1 Mpc−1, ΩΛ = 0.7 and Ωm = 0.3.
2. DATA
2.1. Protocluster catalog
We use the protocluster catalog at z ∼ 3.8 obtained
via a systematic search for high-z protoclusters based on
the HSC-SSP survey (Aihara et al. 2018) in Toshikawa
et al. (2018). HSC is the prime focus camera with a
large field-of-view (FoV) of 1.8 deg2 and high sensitivity
on Subaru Telescope (Miyazaki et al. 2012). The HSC-
SSP survey is an on-going multi-color (griz + narrow
band) survey consisting of three layers; the ultradeep
(UD; 3.5 deg2, i ∼ 28 mag), deep (26 deg2, i ∼ 27 mag)
and wide (1400 deg2, i ∼ 26 mag) layers. Toshikawa
et al. (2018) constructed a catalog of LBGs based on
the gri-band images (hereafter the g-dropout galaxies)
over an area of 121 deg2 of the HSC-SSP wide survey.
Their color cut is sensitive to galaxies in the redshift
range of 3.3 <∼ z <∼ 4.2. Then, they measured the sur-
face density of the g-dropout galaxies selected down to
a limiting magnitude of i = 25.0 mag within an aperture
of 1.8 arcmin (0.75 Mpc physical). They then, selected
the regions with an overdensity significance of > 4σ as
protocluster candidates. This radius corresponds to the
typical extent of the regions that will collapse into a
single massive halo with a halo mass Mh > 10
14 M
by z = 0 predicted in the cosmological numerical simu-
lations (e.g., Chiang et al. 2013). Because the redshift
range of the g-dropout galaxies is large, some of the pro-
tocluster candidates are probably spurious because of
projection effects. They quantified this possible contam-
ination using simulations, finding that at a 4σ threshold,
approximately > 76 % of the candidate protoclusters are
expected to evolve into massive galaxy clusters. Accord-
ing to the correlation function analysis in Toshikawa et
al. (2018), the majority of the candidates are expected to
evolve into clusters of galaxies with Mh ≥ 5× 1014 M,
i.e., the richest clusters today.
They finally selected 216 overdense regions. Of these,
37 are within 8 arcmin from another overdense region.
Because the typical spatial extents of protoclusters drop
at ∼ 8 arcmin (see Fig. 8 of Toshikawa et al. 2016),
they can be substructures of larger overdense regions.
After merging these regions, they identified 179 unique
protocluster candidates. In the following stacking anal-
ysis, the archival IR images centered on these 216 den-
sity peaks of the g-dropout galaxies in each protocluster
candidate are cut out.
2.2. IR all sky surveys
We perform a stacking analysis of the protoclusters
using the publicly available archival IR images. We use
Planck, AKARI, IRAS, and WISE all sky survey, and
H-ATLAS. Fig. 1 shows their filter transmission curves.
They cover a large portion of the IR SEDs of galaxies at
z ∼ 4. Table A1 in the Appendix summarizes the cen-
tral wavelengths, full width at half-maximum (FWHM)
of the point spread functions (PSFs), point source de-
tection limits, and expected sky noises on the stacked
images. In the following, we provide a brief description
of the archival IR images used here.
2.2.1. Planck
We use the 353, 545, and 857 GHz images taken by
the Planck HFI in the Planck legacy archive1. They
cover 350 to 850 µm with a FWHM of the PSF from
4.2 to 4.9 arcmin. Various objects are detectable on the
sky images taken by Planck, e.g., synchrotron emission
from radio sources, the SZ effect from galaxy clusters
and Galactic dust emission. At z ∼ 3.8, warm to cold
dust emission originating in the SFGs and AGNs shifts
in 350 to 850 µm.
The major contaminant from nearby objects is the
dust emission from our Galaxy. To reduce the contam-
ination from Galactic dust emission, we use the cosmic
infrared background (CIB) products (Planck collabo-
ration XLVIII 2016)2 in which Galactic thermal dust
emission is subtracted using the Generalized Needlet In-
ternal Linear Combination (GNILC) component separa-
tion method. The area heavily affected by Galactic dust
emission are masked in the CIB products. None of the
protoclusters in our catalog are in the masked area.
2.2.2. IRAS
The IRAS mission is an all sky survey at 12− 100 µm
(Neugebauer et al. 1984). Here the 60 and 100 µm
images available from NASA/IPAC Infrared science
archive3 are used. The FWHM of the PSF at 60 and
100 µm is 3.6 and 4.2 arcmin, respectively.
2.2.3. AKARI
AKARI is the Japanese infrared astronomical satel-
lite that performed all sky mapping at 9−160 µm (Mu-
rakami et al. 2007). The N60, WIDE-S, WIDE-L, and
N160-band images taken with Far InfraRed Surveyor
(FIS; Kawada et al. 2007) available from the AKARI
all-sky survey map in the public archive (Doi et al. 2015;
1 https://www.cosmos.esa.int/web/planck
2 https://wiki.cosmos.esa.int/planckpla2015/index.php/CMB
and astrophysical component maps
3 http://irsa.ipac.caltech.edu
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Figure 1. Filter transmission curves for the IR sky surveys used in this study. The red curves at 350− 850 µm show Planck
353, 545, and 857 GHz. The orange curves at 40− 200 µm show AKARI N60, WIDE-S, WIDE-L, and N160. The green dotted
curves show IRAS 60 and 100 µm. The violet filled curves show Herschel 100, 160, 250, 350, and 500 µm. The blue curves
at 3 − 30 µm show WISE W1, W2, W3, and W4. The black thick solid, dashed and dotted curves show the SEDs of a SFG,
Type-1 QSO and Type-2 QSO from the SED library by Polletta et al. (2006) shifted to z = 3.8, respectively.
Takita et al. 2015) are used here. The FWHMs of the
PSF on them are 1 ∼ 1.5 arcmin.
2.2.4. WISE
The WISE (Wright et al. 2010) all-sky survey mapped
the sky in 3.4 (W1), 4.6 (W2), 12 (W3), and 22 µm
(W4). WISE Atlas images with a FWHM of the PSF
8 ∼ 16.5 arcsec (6 − 12 arcsec for single exposure) in
the public archive4 are used. On the WISE images, not
only Galactic dust emission but also many foreground
stars/galaxies are the major cause of the noise for our
stacking analysis.
2.3. H-ATLAS
The H-ATLAS surveyed 161 deg2 of the Galaxy Mass
and Assembly (GAMA) field at 100, 160, 250, 350, and
500 µm. The 93 protoclusters in our catalog are enclosed
in H-ATLAS. Here RAW images at 250, 350, and 500
µm provided in the public archive5 are used. H-ATLAS
also provides background subtracted (BACKSUB) im-
ages at 100, 160, 250, 350, and 500 µm; however, they
are not used because of the over sky subtraction prob-
lem described in Section 3.4. Because only BACKSUB
images are available for 100 and 160 µm, they are ex-
cluded from the stacking analysis of the protoclusters.
The signal to noise (S/N) ratios for 4-arcmin diameter
photometries on stacked images of H-ATLAS are lower
than those of the Planck images because of the two-fold
smaller sample size and large aperture size. Because
4 http://wise2.ipac.caltech.edu/docs/release/allsky/
5 http://www.h-atlas.org
Herschel images have a good spatial resolution (12− 35
arcsec), they are also useful to evaluate the total fluxes
(Section 3.4) and the fluxes of the g-dropout galaxies
and QSOs (Section 3.6).
3. METHOD
3.1. Discrete detections of the protoclusters using
Planck
First, whether protoclusters are individually detected
on Planck images is assessed because e.g., Greenslade et
al. (2018) suggests that the most actively star-bursting
protoclusters can be detected on Planck. At the least,
none of the protoclusters matches the the second Planck
compact source catalog (Planck collaboration XXXIX
2016), a secure catalog with high detection significance
and a S/N >∼ 5. To investigate the presence of fainter
sources, the distribution of 5-arcmin diameter aperture
flux values measured at the protoclusters and random
sky positions shown in Fig. 2 are compared. The flux
distribution for random sky positions shows the aver-
age and 1σ standard deviation of the flux distributions
of 216 random sky positions measured by a thousand
times iteration. The vertical dotted lines show ±1σ er-
rors. The average fluxes of the protoclusters and ran-
dom sky positions are indicated with red thick solid and
dashed lines, respectively. The flux distributions of the
protoclusters and random points are compared via the
Kolmogorov-Smirnov (KS)-test, and p-values = 0.006,
0.049, and 0.778 are obtained at 353, 545, and 857 GHz,
respectively. Thus, the flux distributions at 353 and 545
GHz are significantly offset from the random points. In
addition, the centers of the flux distributions of the pro-
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Figure 2. Top: Black solid line shows the distribution of the
flux densities at 353 GHz measured at the protoclusters at
z ∼ 3.8. The gray histogram and its error show the average
and standard deviation of the flux distribution of the random
sky positions. The vertical dotted lines show the 1σ rms noise
at 353 GHz. The red vertical solid and dashed lines show the
average value of the protoclusters and random sky positions,
respectively. The Middle and bottom are similar to the top
panel but at 545 and 857 GHz, respectively.
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Figure 3. Top: The distribution of the number count of the
4σ sources at 250 µm within the 5-arcmin diameter aperture
of the protoclusters (red dashed) and random sky positions
(black solid). Bottom: Similar to the top panel but the x-axis
shows the sum of the fluxes of the sources within 5-arcmin
diameter.
toclusters shift brighter than those of random sky po-
sitions. The average fluxes at 353, 545, and 857 GHz
are 6, 16, and 32 mJy, respectively, for the protoclusters
and 2, 4, and 9 mJy for random sky positions. These
excesses follow well the fluxes of the protoclusters mea-
sured using the stacking analysis.
3.2. Notes for the possibility to detect individual
galaxies in the protoclusters
H-ATLAS and WISE are sufficiently sensitive to de-
tect the most luminous objects at z ∼ 4. H-ATLAS
can detect a very bright SMG or a dense group of bright
SMGs as a point source at z ∼ 4 (e.g., Miller et al.
2018). Fan et al. (2018) and Toba et al. (2018) reported
extremely IR luminous dust obscured galaxies (DOGs)
at z ∼ 4 detectable using WISE. Although such sources
are quite rare, the possibility cannot be ignored that
the protoclusters contain such sources detectable using
Herschel and/or WISE.
The number count and total fluxes of the sources de-
tected at the protoclusters and random sky positions are
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compared using the H-ATLAS source catalog (Valiante
et al. 2016) in Fig. 3. The top panel shows the dis-
tributions of the number count of the objects detected
above 4σ in 250 µm within a 5-arcmin diameter of the
protoclusters and random sky positions. The bottom
panel is similar to the top panel except for the sum of
their fluxes. The number and flux distributions of the
protoclusters and random points are compared via KS-
test and p-values = 0.86 and 0.84 are found, respec-
tively. Thus, there is no significant difference between
the protoclusters and random sky positions. Similarly,
there is no clear difference at 350 µm and 500 µm, and
also WISE W3 and W4. However, there remains still
a possibility that some extremely luminous protocluster
members can be found using more detailed SED analysis
of the sources detected on the H-ATLAS and/or WISE
images. This is beyond the scope of this work and will
be the subject of a future paper.
3.3. Stacking analysis using WISE, IRAS, AKARI
and Planck images
Next, we perform a stacking analysis of the protoclus-
ters. Before performing the stacking analysis, we check
contamination of bright foreground sources, subtract sky
and smooth images. First, possible contaminants are as-
sessed. Foreground objects can be resolved and detected
on AKARI images. Using SExtractor (Bertin & Arnouts
1996), one or two sources with 1 ∼ 3 Jy are detected in
more than one bandpass at two fields. Because both
of the fields have no corresponding source on the H-
ATLAS images at 100 and 160 µm, the sources are not
foreground objects but likely noise. To make sure, these
fields are not used. The other possible bright interlopers
are QSOs. Not only QSOs themselves but also possi-
ble protoclusters around them at different redshifts can
contaminate the signal from our targets. Approximately
one-half of the protoclusters in our catalog are within 5
arcmin of the QSOs at all redshifts selected from Sloan
Digital Sky Survey (SDSS). The effect of these QSOs is
checked by performing a stacking analysis rejecting such
fields. Because this rejection causes no change in the re-
sults, they are not rejected. Given the aforementioned,
there is no possible bright foreground interlopers at the
sky positions of our targets.
We perform our own sky subtraction because the back-
ground sky levels on the archival AKARI, IRAS and
WISE images considerably vary among the survey area
of the protoclusters while they are nearly uniform on
the Planck CIB map and H-ATLAS RAW images. For
example, in the case of AKARI WideL, the average sky
values on the archived images at the protoclusters vary
from 0.01 − 0.04 Jy/pix. Thus, before stacking the im-
ages, sky subtractions for AKARI, IRAS and WISE
images are performed. The archived WISE, AKARI,
and IRAS images are provided as 1.6 × 1.6 deg, 6 ×
6 deg, and 12.4 × 12.4 deg cutouts, respectively. We
evaluate the sky values on an image after masking the
bright sources. To generate object masks, we extract
sources using SExtractor (Bertin & Arnouts 1996). The
sources detected above 2σ for a square of the FWHM of
the PSF size region, and their surrounding regions for
the FWHM of the PSF size radius, are masked. The
sky is evaluated with ≈ 10 arcmin mesh and the sky im-
ages are generated. Then, the sky image is subtracted
from the original image. The sky subtraction is visually
assessed to ensure it works well. Though sky subtrac-
tion does not work well around very bright objects, sky
subtraction at protoclusters largely works well.
Then, we smooth the sky subtracted images such that
the FWHM of the PSF ≈ 4.9 arcmin, similar to that
on the Planck 353-GHz image. We cut out the images
at the protoclusters taking the density peaks of the g-
dropout galaxies as the centers. Then, we perform av-
erage stacking with 3σ clippings by using the imcombine
task of IRAF. If there are no value pixels at the edge of a
cutout image, these pixels are ignored. In addition to all
the protoclusters, we also perform the stacking analysis
for the brighter-half protoclusters on the Planck 857-
GHz image (see Fig. 2) and the protoclusters with the
overdensity significances of the g-dropout galaxies 5σ or
more. The number of the cutout images of the brighter-
half protoclusters is N = 106, rejecting the two poor
AKARI fields, and that of the 5σ overdense protoclus-
ters is N = 67. We perform 4-arcmin diameter aperture
photometries and later convert them to the total fluxes
by aperture correction. The average fluxes and their er-
rors are the average and standard deviations measured
via a thousand-times bootstrap resampling. The stan-
dard deviation does not only originate in the sky noise
but also in the variation in the protoclusters. Finally,
we apply an aperture correction to convert them into
total fluxes measured in the next section.
The 1σ sky noises expected for the stacked images are
listed in Table A1. They are the standard deviations of
the flux values in 4-arcmin diameter apertures measured
on a thousand images generated by stacking the images
at 214 random sky positions. The detection limits of
Planck stacks are deeper than that of the H-ATLAS
stacks. Notably, when the HSC-SSP WIDE survey is
completed, a ∼ 10 times larger catalog will be available.
Then, these stacks will be three times deeper than the
current depth in the future.
We match the PSF sizes on images by a simple Gaus-
sian smoothing; however, the PSFs on the images used
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here are not simply similar to a Gaussian profile. The
beam profiles on the Planck images depend on the sky
positions. We evaluate the average beam profile of the
protoclusters in 353 GHz based on the public data-base
(Planck collaboration VI 2014). For the averaged beam
profile, ≈ 62%, 79%, and 96% of the total flux of a
point source is enclosed in 4-, 5-, and 10-arcmin diame-
ter apertures, respectively. For a Gaussian profile with
FWHM of the PSF size = 4.9 arcmin, ≈ 43%, 58%, and
96% of the total flux of a point source is enclosed in
4-, 5-, and 10-arcmin diameter apertures, respectively.
The PSFs on the IRAS images are not the same as
those on the Planck images. Because a large Gaussian
smoothing is applied on the AKARI, WISE, and Her-
schel images, their PSFs may not behave like Planck
but a Gaussian profile. This can result in a slight incon-
sistency of the flux measured with different facilities.
Practically, protoclusters should not behave similar to a
point source. The average spatial extent of the proto-
clusters is measured using H-ATLAS in the next subsec-
tion. The average radial profile of the protoclusters in
Planck compared to that of the PSF and several mock
source distributions are presented in Appendix B.
3.4. Stacking analysis of H-ATLAS images
We stack H-ATLAS RAW images and those smoothed
to have a FWHM of the PSF sizes similar to those of a
Planck image at 353 GHz. With the former products,
the average physical extent and total flux of the proto-
clusters are limited while the fluxes measured on Planck
images are smoothed off because of the large PSFs and
extended geometries of the protoclusters. Fig. 4 shows
the average radial profiles of the protoclusters measured
at 250, 350, and 500 µm. Signals of the protoclusters
are detected within ≈ 4 arcmin. For the brighter-half
protoclusters, signals are detected within ≈ 6 arcmin.
We adopt the fluxes measured at an 8-arcmin diameter
(12-arcmin for the brighter-half) as the lower limits of
the total fluxes.
The black triangles and blue squares in Fig. 5 show
the total fluxes measured by stacking Herschel im-
ages and 4-arcmin diameter aperture fluxes measured
by stacking Herschel images matched the PSF sizes to
Planck 353 GHz, respectively. The fluxes measured us-
ing the PSF-matched Herschel images match quite well
those measured using Planck images. The average flux
ratios are 4.7±2.2 and 6.6±2.1 for all and the brighter-
half protoclusters, respectively. Here, these ratios are
adopted as the aperture correction factors. For the 5σ
overdensity protoclusters, we apply the aperture correc-
tion factor for all protoclusters. The aperture correc-
tion factors for various source geometries expected for
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Figure 4. Average radial profile of all protoclusters mea-
sured using Herschel. The blue circles, green squares and
yellow triangles show the average radial profiles at 250, 350,
and 500 µm, respectively. The vertical lines denote the 1σ
sky noise levels measured in 1 arcmin square regions. Here
after, a 2σ upper limit value is shown if a signal is not de-
tected above 2σ significance.
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Figure 5. The red filled circles show the fluxes measured on
the stacked images of Planck, AKARI, and IRAS. The blue
open squares show the fluxes measured on the stacked im-
ages of the Herschel images smoothed to match the PSF sizes
with those of Planck at 353 GHz. For these two, we perform
4-arcmin diameter aperture photometries. The black open
triangles show the fluxes measured using an 8-arcmin diam-
eter aperture on the stacked images of the Herschel images
without smoothing.
protoclusters are simulated as presented in Appendix
B. These aperture correction factors are consistent with
those of the simulated protocluster geometries.
We note that background subtracted products
(BACKSUB) ofH-ATLAS are not suitable for the stack-
ing analysis of the protoclusters because the fluxes of our
targets are greatly reduced as a consequence of their sky
subtraction. For example, at 250 µm, the flux of the
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protoclusters measured using RAW images is two times
greater than that using BACKSUB images. This result
is perhaps because sky subtraction is performed at a
scale smaller than the typical extent of the protoclusters
and the subtracted sky values are similar to the proto-
clusters fluxes. The difference between the BACKSUB
and RAW images is less (< 10%) for g-dropout galaxies
and QSOs (Section 3.6) because they are point sources
and g-dropout galaxies are much fainter than protoclus-
ters.
3.5. Average optical total fluxes
Because the contamination of nearby sources is large,
we avoid a stacking analysis in optical. We here limit the
average total fluxes of the protocluster galaxies in the
g, r, i, z&y-band by summing the Cmodel fluxes of the
g-dropout galaxies in the HSC-SSP catalog public data
release 1 (pdr1: Aihara et al. 2018). First, the average
total fluxes of the g-dropout galaxies with a i ≤ 25.0
mag within the 8-arcmin diameter of the protoclusters is
measured and that of 1000 random positions. Then, the
latter is subtracted from the former. Note that this is
a lower limit because the contribution from the galaxies
with i > 25.0 mag are ignored.
3.6. Stacking analysis of the g-dropout galaxies and
SDSS QSOs
To discuss whether the optically selected objects can
explain the entire flux of the protoclusters, we perform
stacking analyses of g-dropout galaxies and SDSS QSOs.
Approximately ≈ 238, 500 (≈ 94, 000 for H-ATLAS) g-
dropout galaxies with an i ≤ 25.0 are used but not
within 10 arcmin of the protoclusters from the HSC-SSP
survey area in Toshikawa et al. (2018). We also use 151
(60 in H-ATLAS) SDSS QSOs at 3.3 < z < 4.2 studied
in Uchiyama et al. (2018) which shows that only two out
of the 151 QSOs reside in the protoclusters selected by
Toshikawa et al. (2018).
To obtain the average flux as that from a single object,
it is ideal to stack only isolated sources and measure flux
on PSF matched images with a sufficiently large aper-
ture; however, the PSFs of the images used here are
extremely large to use such a robust method. We here
stack them without any smoothing. The fluxes mea-
sured with 2× FWHM of the PSF aperture diameter on
each image are adopted as approximate estimates of the
total fluxes. Notably, contaminations from other sources
are not likely negligible even for WISE and Herschel,
and are considerably large for IRAS, AKARI, and
Planck images.
As the g, r, i, z & y-band flux values and errors,
the median and standard deviation of the Cmodel fluxes
of them from the HSC-SSP catalog pdr1 (Aihara et al.
2018) are used.
4. RESULT
Figure 6 shows the stacked images of all, brighter-half,
and 5σ-overdensity protoclusters. Table 1 summarizes
their fluxes measured using a 4-arcmin diameter aper-
ture. Signals are significantly detected in WISE W3;
IRAS 60 and 100 µm; AKARI WIDES (and WIDEL
and N160 for the brighter-half); Planck 353, 545, and
857 GHz, and Herschel 250, 350, and 500 µm. Al-
though the spectroscopic follow-up of the protoclusters
remains on-going, it is shown that they trace special en-
vironments with excess IR emission. Fig. 7 shows the
SEDs in the total flux obtained by multiplying the aper-
ture fluxes using the aperture correction factors found
in Section 3.4. This is the first time the “average” SED
of a protocluster is shown.
The flux values of all and the 5σ-overdensity pro-
toclusters are identical although 5σ is a more reliable
overdensity threshold. It implies that the 4σ selection
is as reliable as the 5σ selection of the protoclusters.
The brighter-half protoclusters are twice brighter in the
Planck than all the protoclusters while there is no signif-
icant difference in the optical. This implies that above
the 4σ overdensity threshold, there is no strong correla-
tion between the optical and IR properties on average.
Our study demonstrates that deep multi-wavelength ob-
servations are necessary to characterize protoclusters.
Fig. C1 and C2 in Appendix C show the stacked im-
ages of the 1st and 2nd quartiles from the lowest of the
flux distribution at 857 GHz (Fig. 2). The 2nd quartile
is marginally detected while the 1st quartile shows nega-
tive detections perhaps because of noise. This indicates
the possibility of the artificial signal on the Planck HFI
images. However, because the Herschel and Planck
results match quite well (Fig. 5), they should be negli-
gible.
In the followings, our results are compared to the
known protoclusters at various redshifts and various
populations at z ∼ 4.
4.1. Comparison to the known protoclusters
First, we compare our results with the known proto-
clusters deeply observed in far-infrared (FIR) in Fig. 7.
We show the sum of the fluxes of the IR sources at the
same physical size (8 arcmin ≈ 3.4 physical Mpc diam-
eter) of the Spiderweb (MRC1138-262) protocluster at
z = 2.16 (Dannerbauer et al. 2014), the SSA22 proto-
cluster at z = 3.09 (Webb et al. 2009; Kato et al. 2016;
Umehata et al. 2018), a protocluster at z = 4.3 reported
in Miller et al. (2018) and a massive cluster at z = 1.1 in
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Figure 6. Stacked images of the protoclusters in Planck 353, 545, and 857 GHz; IRAS 60 and 100 µm; AKARI WIDES,
WIDEL, and N160; WISE W3;, and Hershcel 250, 350, and 500 µm from the top left to bottom right. All the images are 30
arcmin by side. The ellipses on the 353-GHz images show the average beam profiles described in Section 3.3. In the case of a
point source, 50% and 90% of fluxes are included within the red and yellow-filled ellipses, respectively.
Figure 6. - continues. The stacked images of the brighter-half protoclusters.
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Figure 6. - continues. The stacked images of 5σ overdensity protoclusters.
Table 1. The flux densities of HSC SSP g-dropout protoclusters
IRAS Planck Herschel
Sample 60 µm 100 µm 857 GHz 545 GHz 353 GHz 250 µm 350 µm 500 µm
(350 µm) (540 µm) (840 µm)
(mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
All 6.2± 2.5 16.8± 5.5 24.7± 4.3 11.3± 2.2 3.7± 0.8 53.8± 13.3 24.0± 8.4 12.6± 5.3
Brighter-half 8.9± 3.6 23.3± 9.4 69.6± 4.2 33.8± 2.2 11.6± 0.9 96.2± 19.8 58.2± 11.6 35.4± 9.1
5σ overdensity < 7.9 14.7± 6.7 27.0± 6.3 11.8± 3.2 3.5± 1.2 45.3± 14.3 < 26.9 < 15.1
Note—Flux values are measured in 4-arcmin diameter aperture. Each flux and error are the average and standard
deviation of a thousand times bootstrap resampling. If they are not detected above 2σ, we put a 2σ value as an
upper limit.
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Table 1. –continues
AKARI WISE
Sample N60 WIDE-S WIDE-L N160 W1 W2 W3 W4
(65 µm) (90 µm) (140 µm) (160 µm) (3.4 µm) (4.6 µm) (12 µm) (22 µm)
(mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
All < 41.5 25.9± 5.9 < 22.7 < 70.6 < 0.82 < 0.57 0.40± 0.13 < 0.57
Brighter-half < 58.5 43.8± 8.2 67.1± 16.8 106.4± 49.9 < 0.98 < 0.57 0.54± 0.18 < 0.86
5σ overdensity < 77.6 23.2± 9.7 < 40.5 < 118.5 < 1.84 < 0.92 < 0.56 < 1.28
 0.01
 0.1
 1
 10
 100
 1000
 0.1  1  10  100
F ν
(m
Jy
)
Rest-frame Wavelength (µm)
All
Brighter-half
Spiderweb protocluster z=2.16
SSA22 proto-cluster
(zspec=3.09)
z=4.3 Miller+18
z=1.1 Albert+16
Figure 7. SEDs of the protoclusters at z = 3.8 and the known protoclusters. The red filled circles and blue filled squares
show all and the brighter-half protoclusters. The encircled symbols show that measured with H-ATLAS. We show the sum of
the IR sources in the known protoclusters within the same physical size (8 arcmin ≈ 3.4 physical Mpc diameter). We scale all
of them to be at z = 3.8. The violet filled squares with a dashed line show the Spiderweb protocluster at z = 2.16 based on
Dannerbauer et al. (2014). The green open diamonds with a dotted line is the SSA22 protocluster at z ≈ 3.09 based on Kato
et al. (2016) and Umehata et al. (2014). The green filled diamonds with a solid line is that limit to zspec ≈ 3.09 (Umehata et
al. 2018). The data point at 6 µm is the sum of the fluxes of sources at zspec ≈ 3.09 in Umehata et al. (2018) measured with
Spitzer MIPS 24 µm image in archive (Webb et al. 2009). The magenta filled pentagons with a dashed line are a protocluster at
z = 4.3 in Miller et al. (2018). The cyan filled triangles with a dashed line are a protocluster at z = 1.1 in Alberts et al. (2016).
Alberts et al. (2016). The IR sources in the protoclus-
ters at z > 2 are selected as sub-mm sources while those
in Alberts et al. (2016) are selected at 100 µm. The
fluxes of the objects with spectroscopic redshifts zspec
and/or photometric redshifts zphot similar to the proto-
clusters are summed. The sum of the purely spectro-
scopically confirmed sources for the SSA22 protocluster
is also shown. Their fluxes are scaled to be at z = 3.8 by
multiplying with (1+3.8)/(1 + zat known (proto)cluster) ×
(DL at known (proto)cluster)
2/(DL at z=3.8)
2 where DL is
the luminosity distance. Note that only the
sources brighter than ultra-luminous infrared galax-
ies (ULIRGs) or hyper-luminous infrared galaxies
(HyLIRGs) are counted in the known protoclusters at
z > 2 ( >∼ 4 mJy at 850 µm for Spiderweb and >∼ 0.4
mJy at 1.1 mm for SSA22). In the case of the SSA22
protocluster, the detections of the X-ray selected AGNs
at zspec ≈ 3.09 (Lehmer et al. 2009; Kubo et al. 2015) in
24 µm are also checked. All the 24 µm detected AGNs
are already included in the sum shown in Fig. 7.
At > 100 µm in the rest-frame, the flux from the pro-
toclusters at z ∼ 3.8 and the known protoclusters at
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Figure 8. Similar to Fig.7 but we compare with various galaxies at z ∼ 4. The black filled diamonds with a solid line show
the average flux of a g-dropout galaxy measured in Section 3.6. Those measured in Planck, AKARI, and IRAS are shown
with open symbols since they are severely contaminated by their neighbor sources. The black crosses with a solid line show
the average flux of a SDSS QSO at z ∼ 4 measured in Section 3.6. The light blue filled triangles with a solid line and open
triangles with a dot line show the average flux of a typical SFG at z ∼ 4 in Be´thermin et al. (2015) and Koprowski et al. (2018),
respectively. The green curves show the average fluxes of LBGs at z ∼ 3 split by stellar mass in A´lvarez-Ma´rquez et al. (2019),
scaled at z = 3.8. The orange filled circles with a solid line and open circles with a dashed line show infrared luminous DOGs
at z = 3.7 in Toba et al. (2018) and at z = 4.6 in Fan et al. (2018) scaled at z = 3.8, respectively. The violet filled squares with
a dashed line show the SED of the HzRG in the Spiderweb protocluster (Dannerbauer et al. 2014). The gray shaded region
shows the SEDs of the g-dropout galaxies multiplied by 20 to 30.
z = 2 − 4 do not differ in order. Amazingly, the Spi-
derweb and SSA22 protoclusters are just as luminous as
the typical massive protoclusters at z ∼ 3.8 though they
have been believed to be the most prominent structures
at z = 2 − 3. In addition, the SEDs of the Spider-
web and SSA22 protoclusters more rapidly decrease at
< 100 µm than those of the protoclusters at z ∼ 3.8.
Although only the bright sources in the known proto-
clusters are summed, this tendency may not appreciably
change by adding the fluxes from IR faint sources op-
tically detected (Section 4.2 and 5). Our results imply
that the Spiderweb and SSA22 protoclusters may not be
particularly special protoclusters in the IR, and/or the
typical IR luminosities and SEDs of the protoclusters
have changed drastically between z = 2 and 4.
4.2. Comparison to LBGs, SDSS QSOs and infrared
luminous DOGs at z ∼ 4
Next, we compare the SEDs of the protoclusters with
those of typical SFGs (Be´thermin et al. 2015; Koprowski
et al. 2018 and g-dropout galaxies from the HSC-SSP
survey) and IR luminous DOGs (Fan et al. 2018; Toba
et al. 2018) at z ∼ 4 in Fig. 8.
The blue filled and open triangles in Fig. 8 show the
average SEDs of typical SFGs at z ∼ 4 measured by
stacking analysis in Be´thermin et al. (2015) and Ko-
prowski et al. (2018). The green curves show LBGs
at z = 3 split by stellar mass in A´lvarez-Ma´rquez et
al. (2019), scaled at z = 3.8. The black diamonds
show the average SED of the g-dropout galaxies with
an i ≤ 25.0 mag in the HSC-SSP survey obtained in
Section 3.6. The Planck, AKARI, and IRAS fluxes
shown with open symbols deviate from Herschel and
WISE. These may be contaminated by surrounding g-
dropout galaxies as well as some unknown protoclusters
because of low spatial resolution. The average SED of
the g-dropout galaxies selected from the HSC-SSP sur-
vey matches well Koprowski et al. (2018) and A´lvarez-
Ma´rquez et al. (2019) whose sample selections are sim-
ilar to ours. Be´thermin et al. (2015) is biased to more
massive objects and there is no wonder that it does not
match our results. The gray shaded region shows the
SED of g-dropout galaxies multiplied by 20 to 30 which
is the expected number of g-dropout galaxies with an
i ≤ 25 mag in a protocluster. The protoclusters are not
only several tens of times brighter than typical SFGs but
they have SEDs with greater warm/hot dust component
compared to those of typical SFGs at z ∼ 4. From the
aforementioned, we argue that the IR SEDs of the proto-
clusters cannot be explained by only multiplying typical
SFGs at z ∼ 4.
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The dust torus of an AGN are luminous in the mid
to FIR; however, at least, SDSS QSOs or optically lu-
minous QSOs are not found at the HSC-SSP protoclus-
ters in general (Uchiyama et al. 2018). Our results sug-
gests that there are overdensities of IR sources that can-
not be selected by g-dropout selection and/or g-dropout
galaxies in the protoclusters have special properties such
as AGN-dominated DOGs; The extremely IR luminous
DOGs detectable with WISE at z = 3.7 (Toba et al.
2018) and at z = 4.6 (Fan et al. 2018) are shown in
Fig. 8. Toba et al. (2018) is shown without any scaling
while Fan et al. (2018) is plotted after scaling the flux
at z = 3.8. Interestingly, the SEDs of the protoclusters
quite resemble those of the luminous DOGs. They re-
port that these DOGs have IR SEDs dominated by dust
emission from AGN tori. Because the AGN emission
dominates ∼ 50 % of the total flux even at ∼ 200 µm
in the rest-frame, despite the huge total IR luminosity,
these DOGs have a SFR of only ∼ 480 and 1300 M
yr−1 for Fan et al. (2018) and Toba et al. (2018), respec-
tively. This result implies that dust emission from AGN
tori and moreover a single object such as IR luminous
DOGs can dominate the fluxes of the protoclusters.
We discuss the breakdown of the IR emission from the
protoclusters by fitting them with models as in the next
section.
5. DISCUSSION
5.1. Origin of the IR emission
First, the sum of the IR fluxes of the g-dropout galax-
ies of the protoclusters, estimated by multiplying the
average flux of a g-dropout galaxy with the number ex-
cess of g-dropout galaxies (N = 20 ∼ 30), is only a third
and a tenth of the flux of all and the brighter-half pro-
toclusters, respectively. In addition, the average SED
of the g-dropout galaxies is different from that of the
protoclusters. Therefore the g-dropout galaxies are not
sufficient to explain the whole IR flux of the protoclus-
ters. Obscured AGNs are plausible origin of the MIR
excess (Fan et al. 2018; Toba et al. 2018). According to
the previous studies of the protoclusters shown in Fig.
7, several SMGs comprise the remaining greater portion
of the IR luminosity of the protoclusters. It is also re-
ported that such sources found by single-dish telescopes
are resolved into multiple SMGs by ALMA (e.g., Ume-
hata et al. 2018).
We discuss the origin of the IR emission of the pro-
toclusters by fitting the observed SEDs with the model
SEDs. The major components of a SED from ≈ 0.01 to
200 µm in the rest-frame are stellar emission, and emis-
sion from dust heated by young stars and AGN torus
(Here we ignore other AGN components since we focus
on the dust emission in the IR). Therefore, the SED
fitting is performed by using the models of (1) stellar
emission and emission from dust heated by stars, (2)
AGN torus, and (3) their combination.
We adopt the SED models from MAGPHYS (da Cunha
et al. 2008) which generates the SED models via the
combinations of stellar light and emission from dust
heated by young stars. MAGPHYS describes the UV
to IR SEDs with the consistency of the absorbed UV
light and that re-emitted in IR. The dust in MAGPHYS
consists of that in stellar birth clouds and ambient inter-
stellar medium. The former represents hot (130−250 K)
and warm (30− 60 K) dust components, and the latter
represents a cold (15 − 25 K) dust component. No-
tably, MAGPHYS can generate a model containing a
large warm/hot dust component which can also orig-
inate in an AGN torus. MAGPHYS is a comprehen-
sive package generating various SED models and fitting
an observed SED with SED models. When combin-
ing MAGPHYS models with AGN models, we extract
≈ 4800 models with solar metallicity and dust temper-
ature Tdust ≈ 40 K (for SFGs at z ∼ 4 in Koprowski et
al. 2018) for simplification.
For SED models of AGNs, we adopt the model library
by Siebenmorgen et al. (2015). Their models are param-
eterized by viewing angle, inner radius of the dusty torus
R, cloud volume filling factor Vc, optical depth (in V -
band) of the individual clouds Ac and the optical depth
(in V -band) of the disk mid-plane Ad. Because the im-
ages are stacked, we use the average of the model SEDs
with the same parameters but different viewing angles.
The Lyman forest absorption at λ < 1216 A˚ in the
rest-frame is manually added on AGN models following
Madau (1995).
Then we fit the observed SEDs in case (1) to (3) us-
ing a standard χ2 minimization procedure. In case (3),
we fit the observed SEDs with the models combining
SFG and AGN models with free ratio. Fig. 9 shows
the best-fit SED models and Table 2 shows their χ2/ν
values. The χ2/ν values minimize for cases (1) and
(3). The best-fit SED parameters are shown in Table
3 and 4. Though several works suggested high dust
temperatures for SFGs at high redshift (e.g., Magdis
et al. 2012; Be´thermin et al. 2015; Bouwens et al. 2016;
Faisst et al. 2017; Liang et al. 2019), the best-fit models
of MAGPHYS of protoclusters have dust temperatures
Tdust ∼ 70 K, which are exceptionally higher than that
of a typical SFG at z ∼ 4, Tdust ∼ 40 K (Koprowski et
al. 2018). Such high Tdust models describe SFGs with
a very high specific SFR >∼ 10 Gyr−1. In the case of
the composite models, 70 ∼ 80 % of the total FIR (8−
1000 µm) luminosities originate in AGNs. Briefly, the
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Figure 9. Left: Best-fit SEDs for all the protoclusters. The red filled circles show the observed fluxes. Left top: The black solid
curve shows the best-fit SED found with MAGPHYS. The black dashed curve shows the best-fit SED found with MAGPHYS
limit to Tdust ≈ 40 K. Left middle: The black solid line shows the best-fit SED for AGN SED models. Left bottom: The best-fit
model for composite SED models of a MAGPHYS and an AGN SED model. The blue solid, magenta dotted, and green dashed
lines show the total, star-forming, and AGN components of the best-fit SEDs, respectively. Right: Similar to the left panels but
for the brighter-half protoclusters.
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Table 2. χ2/ν values for SED models
Sample MAGPHYS MAGPHYS (Tdust = 40K) AGN MAGPHYS+AGN
(1) (2) (3) (4) (5)
All 0.53 2.50 0.74 0.62
Brighter-half 0.76 3.60 1.50 0.91
> 5σ overdensity 0.55 1.46 0.55 0.46
Table 3. Best fit SED model (model: MAGPHYS (Tdust = 40K) + AGN)
Sample LFIR,SB LFIR,AGN LFIR,total LFIR,SB/LFIR,AGN SFR AV
(1013 L) (1013 L) (1013 L) (103 M yr−1 )
(1) (2) (3) (4) (5) (6) (7)
All 1.3+1.6−1.0 3.7
+1.8
−2.0 5.1
+2.5
−2.5 0.4
+0.7
−0.2 2.1
+6.3
−1.7 0.5
+1.0
−0.2
Brighter-half 3.2+4.5−1.0 11.1
+3.5
−3.6 14.2
+5.8
−4.5 0.3
+0.5
−0.0 1.9
+3.9
−0.9 1.0
+0.0
−0.4
> 5σ overdensity 0.9+1.4−0.8 2.8
+1.7
−2.3 3.7
+2.1
−2.9 0.3
+1.8
−0.3 1.1
+2.9
−1.0 0.3
+1.8
−0.0
Table 4. Best fit SED model (model: MAGPHYS)
Sample Tdust Ldust SFR AV
(1013 L) (103 M yr−1 )
(1) (2) (3) (4) (5)
All 71+4−2 19.3
+0.6
−4.2 16.3
+1.0
−7.8 1.7
+1.6
−0.1
Brighter-half 74+0−12 48.7
+0.7
−7.1 43.4
+2.9
−8.2 1.8
+1.9
−0.0
> 5σ overdensity 75+0−20 16.0
+8.2
−11.7 13.4
+6.9
−10.1 1.7
+3.4
−0.4
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Figure 9. –continues. Similar to the above figures of Fig.
9 but for the 5σ overdensity protoclusters.
total FIR luminosity of all and the brighter-half proto-
clusters is 5.1+2.5−2.5 and 14.2
+5.8
−4.5×1013 L, respectively for
the best-fit MAGPHYS+AGN models and 19.3+0.6−4.2 and
48.7+0.7−7.1 × 1013 L, respectively, for the best-fit MAG-
PHYS models. The total SFR of all and the brighter-
half protoclusters is 2.1+6.3−1.7 and 1.9
+3.9
−0.9 ×103 M yr−1,
respectively, for the best-fit MAGPHYS+AGN models
and 16.3+1.0−7.8 and 43.4
+2.9
−8.2 ×103 M yr−1, respectively,
for the best-fit MAGPHYS models.
At this point, whether the warm/hot dust emission
from the protoclusters originates in star formation or
AGNs cannot be determined by the SED fitting. How-
ever, given the dust temperature of typical SFGs at
z ∼ 4, and the presence of luminous QSOs and/or
overdensities of AGNs in the known protoclusters at
z = 2 − 3, dust emission from AGNs are likely not
negligible. Further characterization of galaxies in the
protoclusters e.g., SEDs with higher S/N ratio and line
diagnostics for individual sources will be helpful to dis-
tinguish these scenarios.
5.2. Contribution of the protoclusters to the CIB at
z ∼ 4
The cosmic infrared background (CIB; Lagache et al.
2005; Planck collaboration XVIII 2011) is the cumula-
tive infrared emission from all galaxies/AGNs through-
out cosmic history (Dole et al. 2006; Planck collabora-
tion XXX 2014). The redshift evolution of the mean CIB
intensity is an important probe of the whole star forma-
tion history in the Universe. The anisotropy of the CIB
traces the large scale distribution of DSFGs (Amblard
et al. 2011; Be´thermin et al. 2012, 2013; Viero et al.
2013; Maniyar et al. 2018). Protoclusters should repre-
sent the most biased regions of the CIB. Here, we discuss
the consistency of our results with the CIB anisotropy
studies in literatures.
Fig. 10 shows the redshift evolution of the CIB in-
tensity at 857 GHz (≈ 350 µm) and the wavelength de-
pendence of the CIB intensity at z ∼ 4. The average
flux of a protocluster is converted into the CIB inten-
sity in MJy/sr by, dIν/dz = Fν (MJy)×Npcl (deg−2)×
3282 (sr deg−2) / dz, where the number density of the
protoclusters Npcl (deg
−2) = 179/121 and the redshift
range dz ≈ 0.9 according to the redshift selection func-
tion for g-dropout galaxies in Toshikawa et al. (2016).
Be´thermin et al. (2012) and Viero et al. (2013) obtained
the CIB intensity by stacking the Herschel images of
the photometric redshift catalogs. Schmidt et al. (2015)
evaluated the CIB intensity based on the Planck HFI
data inferring redshift distribution by taking a cross-
correlation with SDSS QSOs. Note that Be´thermin
et al. (2012) is only sensitive for the sources with 24
µm fluxes > 80µJy while Viero et al. (2013) studied
sources fainter than Be´thermin et al. (2012). The cross-
correlation method (e.g., Schmidt et al. 2015; Maniyar
et al. 2018) is sensitive for further faint unresolved pop-
ulations but only covers the Planck HFI bandpath at
this point.
The CIB intensity at z ∼ 4 is 0.02 ∼ 0.03 MJy/sr
in 857 GHz or 350 µm in the literatures (Viero et al.
2013; Schmidt et al. 2015; Maniyar et al. 2018). All
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Figure 10. Left: CIB level redshift distribution in 857 GHz (350 µm). The red filled circle and blue filled square show the
CIB from all and the brighter-half protoclusters, respectively. The black crosses, triangles, and diamonds show the CIB mean
levels in Be´thermin et al. (2012), Viero et al. (2013), and Schmidt et al. (2015), respectively. We show the median value at
3.4 < z < 4.0 in Table B1 of Be´thermin et al. (2012), the value at 3.0 < z < 4.0 in Table 6 of Viero et al. (2013), and the
median value at 3.325 < z < 4.225 in Table 6 of Schmidt et al. (2015). Right: The CIB level at z = 4. Symbols are the same as
left panel.
protoclusters in this study have a 350 µm intensity of
0.0006 ± 0.0003 MJy/sr while that of the brighter-half
protoclusters is 0.0012 ± 0.0004 MJy/sr. This implies
that we should consider the IR luminosity function of
the protoclusters to properly evaluate the protocluster
contribution to the CIB. Here, we adopt the value eval-
uated with the brighter-half protoclusters as a lower
limit. According to Maniyar et al. (2018) who evalu-
ated the CIB anisotropy based on the Planck CIB auto-
and cross-power spectra, and the CIB and CMB (cosmic
microwave background) lensing cross-spectra, the dark
matter halos contributing the most to the CIB have a
nearly constant Mh ≈ 1012.77 M at 1 < z < 4. Ac-
cording to them, the contribution of dark matter halos
with Mh > 10
13 M, which is the typical mass of the
protoclusters in Toshikawa et al. (2018), to the whole
CIB is several percent, although the volume density of
the protoclusters at z ∼ 4 is quite small. We find that
the protoclusters in Toshikawa et al. (2018) comprise
the >∼ 6 % of the whole CIB at z ∼ 4, consistent with
Maniyar et al. (2018).
At < 350 µm, the contribution of the protoclusters
to the entire CIB intensity becomes larger than that at
a longer wavelength. This can reflect the true bias of
warm dust emission sources such as AGNs and young
starburst galaxies but note that there are several ob-
servational gaps.; The previous studies performed using
the stacking analysis of the photometric redshift cata-
logs are subject to the selection incompleteness because
of the survey depth and the photometric redshift se-
lections which tend to miss objects with non-galaxy-like
SEDs e.g., QSOs. The cross-power spectra method (e.g.,
Maniyar et al. 2018) assumes only the typical SED of
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5
 0  1  2  3  4  5
add optical
Madau Dickinson (2014) x 104
lo
g 
(S
FR
 M
su
n
/y
r)
redshift
All(Kennicutt)
Brighter-half(Kennicutt)
All (MAGPHYS)
Brighter-half (MAGPHYS)
known protoclusters in Fig. 7
From Table 8 of Clements+2014
Kato+2016
Casey+2016
Figure 11. Evolution of the SFRs of the protoclusters. The
red filled circle and blue filled square show the (average) SFR
of all and the brighter-half protoclusters evaluated by multi-
plying LFIR in Table 4 with the convertion factor in Kenni-
cutt (1998). The open ones are the SFR in Table 3 which are
subtracted of the contribution of AGNs. The black crosses,
open circles, and squares show the protoclusers/clusters sum-
marized in Clements et al. (2014), Kato et al. (2016) and
Casey (2016). The magenta crosses show the four proto-
clusters in Fig. 7. The gray tick curve shows the cosmic
SFR density in general field in Madau & Dickinson (2014)
multiplied by 104.
SFGs. Schmidt et al. (2015) used SDSS QSOs as pri-
ors, however, they do not always represent the regions
brightest in the IR (Section 5.4).
5.3. Evolution of SFRs of massive protoclusters
Figure 11 shows the evolution of the SFR of proto-
clusters/clusters. At z ∼ 3.8, we show the total SFRs
subtracted of the IR emission from AGNs (Table 3) and
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those measured by only multiplying the total FIR lumi-
nosities (Table 4) with a conversion factor in Kennicutt
(1998) where SFR = LFIR×1.7×10−10 (M yr−1). Our
results are compared to the SFRs of massive protoclus-
ters/clusters. We refer to the protoclusters/clusters at
0 < z < 3 listed in Table 8 of Clements et al. (2014)
which is originally based on Meusinger et al. (2000)
(Perseus), Braglia et al. (2011) (A3112), Fadda et al.
(2000) (A1689), Haines et al. (2009) (A1758). Chung
et al. (2010) (the Bullet cluster), Geach et al. (2006)
(Cl0024+16 and MS0451-03), Stevens et al. (2010) (pro-
toclusters around QSOs at 1.7 < z < 2.8), and clus-
ters of DSFGs selected with Planck and Herschel in
Clements et al. (2014); 2QZ and HS1700 protoclusters
in Kato et al. (2016);. the known protoclusters shown in
Fig. 7:, and the GOODS-N z = 1.99 protocluster (Blain
et al. 2004; Chapman et al. 2009), COSMOS z = 2.10
protocluster (Yuan et al. 2014) and COSMOS z = 2.47
protocluster (Casey et al. 2015) summarized in Casey
(2016). Clements et al. (2014) measured the total IR lu-
minosities of all the IR sources in protoclusters/clusters
by fitting their IR SEDs with a modified black body
with a dust emission index β = 2 and converted them
to the SFR with the relation in Bell (2003), which is
slightly (10 percent) different from that in Kennicutt
(1998). Kato et al. (2016) pre-selected IR sources with
photometric redshifts, measured the IR luminosities by
fitting their IR SEDs with a modified black body with
a dust emission index β = 1.5, and converted them to
the SFR with the conversion factor in Kennicutt (1998).
The SFRs summarized in Casey (2016) were measured
using MAGPHYS or the conversion factor in Kennicutt
(1998). For the known protoclusters shown in Fig. 7
(we use the spec-z only flux for the SSA22 protoclus-
ter), the total FIR luminosities are measured by fitting
the total IR SEDs with MAGPHYS and converting them
into the SFR using the conversion factor in Kennicutt
(1998). Although there are differences in the methods
to obtain total FIR luminosities, the SFRs converted us-
ing Kennicutt (1998) or Bell (2003) are evaluated in a
similar manner.
Here, the total SFRs are shown while Clements et al.
(2014) and Kato et al. (2016) showed a SFR density-
redshift diagram. Because their considered sizes (∼ 1
Mpc in physical radius volume) of high-z protoclusters
are smaller than the considered size of the protoclusters
at z = 3.8 in this study, it is not trivial to calibrate our
measurement to their SFR density. Notably, according
to the empirical source distributions in the known pro-
toclusters and our simulation shown in Fig. B2, most
of the fluxes from the IR sources in the protoclusters
are likely concentrated within a few arcmin (∼ 1 Mpc
in physical) radius. Thus the SFR densities of the pro-
toclusters at the central ∼ 1 Mpc in physical radius
volume may follow the total SFRs well. At z >∼ 2, the
literature only considers bright sources more luminous
than ULIRGs/HyLIRGs. In Section 5.1, we found that
one third of the flux of a protocluster can originate in
g-dropout galaxies. The upward arrow at z = 4.3 in Fig.
11 shows a possible correction because of such galaxies
optically selected.
The measured masses of the referred z <∼ 1 clusters are
Mh = 6×1014 M to a few 1015 M while those of pro-
toclusters are approximately 1014 M. Our targets are
relatively massive protoclusters which will collapse into
a halo with halo mass > 1014 M. Therefore, although
the selection techniques are not uniform, Fig. 11 shows
the evolution of the most massive clusters today. While
the cosmic SFR density in general field peaks at z ∼ 2
(e.g., Gruppioni et al. 2013; Madau & Dickinson 2014;
Bourne et al. 2017), the SFRs of the protoclusters evalu-
ated by only multiplying the total IR luminosity by the
conversion factor in Kennicutt (1998) are likely on one
track which rapidly evolves at z = 0−0.5 and continues
to increase up to z ∼ 4. However, if we subtract the
emission from AGNs, the SFR of a protocluster drops
at z = 3 ∼ 4. The protoclusters in the literature also
need the consideration of AGNs. Though not as much
as AGNs, the SFR to FIR luminosity relation depends
on the assumed stellar population synthesis model. It
can be said that the total IR luminosity of massive pro-
toclusters continues to increase up to z ∼ 4; however,
to show the evolution of the total SFR/SFR density, a
more careful treatment of AGNs and stellar population
of galaxies is needed.
5.4. QSOs and protoclusters
The correlation between the QSOs and protoclusters
remains an open issue. QSOs are frequently used as
land-marks of protoclusters however they are not al-
ways in overdense regions (Kim et al. 2009; Kikuta et
al. 2017; Uchiyama et al. 2018; Goto et al. 2017). It has
been argued that protoclusters are preferentially found
around radio-loud AGNs (Hatch et al. 2014) while radio-
quiet AGNs do not often trace the density peaks, ex-
cept for QSO pairs and multiplets (e.g., Onoue et al.
2018; Uchiyama et al. 2018). Previously, Uchiyama et
al. (2018) showed that only two out of the 151 QSOs
at z ∼ 3.8 selected from the SDSS survey are in the
protoclusters at z ∼ 3.8 studied here.
We compare the 4-arcmin diameter aperture fluxes
measured on IRAS, AKARI and Planck stacks of all
the protoclusters and SDSS QSOs at z ∼ 3.8 in Fig.
12, which are measured in the same manner. However,
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Figure 12. The 4-arcmin diameter aperture fluxes mea-
sured on IRAS, AKARI and Planck stacks of the HSC-SSP
protoclusters and SDSS QSOs at z ∼ 4. The red open cir-
cles show the average flux of a protocluster (all). The black
crosses show the 2σ upper limit fluxes of a SDSS QSO.
SDSS QSOs are not detected at all, although the stacked
numbers of them are not appreciably different from the
protoclusters. This supports the results in Uchiyama et
al. (2018) that SDSS QSOs at z ∼ 3.8 are not in special
regions in general. It is also consistent with Schmidt et
al. (2015) referred in Section 5.2.
However, the average MIR luminosity, which is an
excellent measure of AGN activity, of SDSS QSOs is
not significantly different from that of the HzRGs of the
known protoclusters; The IR SED of Spiderweb HzRG
at z = 2.16 is similar to that of the SDSS QSOs (Fig. 8).
The HzRGs of the other known protoclusters at z = 2−3
have X-ray luminosities L2−10keV = 1 ∼ 4 × 1045 erg
s−1 (Pentericci et al. 2002; Scharf et al. 2003; Johnson
et al. 2007; Macuga et al. 2019), which corresponds to
νLν = 10
46 ∼ 1047.5 erg s−1 at 6 µm (≈ 0.03 ∼ 1 mJy
at z = 3.8) according to the empirical L2−10keV v.s. νLν
at a 6 µm relation (e.g., Stern 2015).
Meanwhile, the protoclusters at z ∼ 3.8 show strong
excess at < 100 µm in the rest-frame which implies
the overdensities and/or enhanced activities of obscured
AGNs in the protoclusters correspond to ∼ ten times
that of a SDSS QSO at z ∼ 4 in the IR. Interestingly,
warm/hot dust emission of the protoclusters becomes lu-
minous approaching z ∼ 4 while the change at > 100 µm
is small. Assuming that the excess warm/hot dust emis-
sion originates in AGNs, this implies that the growth
of SMBHs in protoclusters peaks at z ∼ 4 or more in
advance of that in the general field at z ∼ 2 (Madau &
Dickinson 2014). If this scenario is true, SDSS QSOs are
not good landmarks of protoclusters at z ∼ 4 because
the proto-BCG like sources at z ∼ 4 are more luminous
than them but buried in dust formed by accompanying
intense star formation.
6. CONCLUSION
By stacking Planck, AKARI, IRAS, WISE, and H-
ATLAS images of the largest catalog of the protoclusters
at z ∼ 4 obtained by the HSC-SSP survey, we success-
fully show their average IR SED for the first time. The
protoclusters at z ∼ 4 are several tens of times brighter
than a typical SFG at z ∼ 4. They are on average as lu-
minous as the most prominent protoclusters at z = 2−3
and contain a larger warm/hot dust component. This
suggests that protoclusters have rapidly evolved from
z = 2 to 4. The average IR SED of the protoclusters
is unlike the average SED of a typical SFG but similar
to IR luminous DOGs whose IR emission is dominated
by AGNs. We evaluate the average SFR of the pro-
toclusters by fitting the observed SEDs with SFG and
AGN/SFG composite SED models. For the pure star-
forming model, we find LFIR = 19.3
+0.6
−4.2 × 1013 L and
SFR = 16.3+1.0−7.8×103 M yr−1 while for the AGN/SFG
composite model, we find LFIR = 5.1
+2.5
−2.5×1013 L and
SFR= 2.1+6.3−1.7× 103 M yr−1. Their degeneracy cannot
be solved via the SED fitting at this point; however,
the contribution from AGNs is not empirically negli-
gible. Our results are nearly consistent with previous
CIB anisotropy studies, but at a shorter wavelength,
CIB can be more biased in protocluster regions. Large
uncertainty remained in the total SFR estimates; how-
ever, the total IR luminosity of the most massive clusters
are likely to continue increasing up to z ∼ 4. Stacking
analysis of the QSOs at z ∼ 4 optically selected is also
performed and no excess star formation around them,
as reported in Uchiyama et al. (2018), is confirmed.
Finally, we compare our results to the cosmological
simulations of dusty SFGs to date (e.g., Chapman et al.
2009; Almeida et al. 2011; Hayward et al. 2013; Granato
et al. 2015; Miller et al. 2015; Cowley et al. 2016; Lacey
et al. 2016). Simulations predict that SMGs (e.g., with
the flux over a few mJy in 850 µm in their definition)
are in general strongly biased population hosted in mas-
sive halos with Mh >∼ 1011.5 M (Chapman et al. 2009;
Almeida et al. 2011; Hayward et al. 2013; Miller et al.
2015; Cowley et al. 2016). Chapman et al. (2009) and
Miller et al. (2015) predicted that the density excesses of
SMGs do not always trace the most massive protoclus-
ters. This agrees with our results that above 4σ signifi-
cance, the overdensity significance of g-dropout galaxies,
which more tightly correlates with a halo mass, and the
total IR luminosity do not correlate well. In addition,
one or a few IR luminous DOGs such as in Fan et al.
(2018) and Toba et al. (2018) can be responsible for
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the IR flux of a protocluster. If so, a protocluster may
not be observed as an significant overdensity of SMGs.
Simulations also predicted that the peak of the star for-
mation history of cluster-sized halos is earlier than that
in the general field (e.g., Chiang et al. 2017; Muldrew
et al. 2018). Behroozi et al. (2013, 2019) linked the
galaxy-halo assembly history from simulations and the
observed galaxy properties, and found that halos with
Mh = 10
14 M at present have a star formation his-
tory peak at z ∼ 3. Our results suggests that the peak
of the star formation history can be at z > 4, earlier
than that of the predictions using simulations and semi-
observational methods.
Our results demonstrate the great importance of the
IR properties of SFGs and AGNs in protoclusters “typ-
ical” at z ∼ 4, for the first time. On the whole, our
results suggest that DSFGs in protoclusters at z ∼ 4 are
more common than those predicted by current simula-
tions. According to our results, simulations will need to
approach the statistical behavior of the richest clusters
with Mh > 10
14 M with a larger simulation box, dust
emissivity at mid to far-IR, role of AGNs, and further
constraints on the evolution of protoclusters at z > 3 in
the future. From the observational side, we can expand
our study with HSC-SSP and next generation telescopes.
Notably, the catalog used here is only a tenth of the
whole HSC-SSP WIDE layer. In addition, Large Syn-
optic Survey Telescope will provide an additional large
catalog of protoclusters in the future. These surveys will
enable deeper stacking analysis for protoclusters at var-
ious redshifts. Characterization of individual IR sources
in protoclusters is also needed though it is beyond the
scope of this paper. Ito et al. (2019) optically selected
the predominantly bright sources in some of our pro-
tocluster candidates as the candidate brightest cluster
galaxies (BCGs). They are among the possible sources
dominating the IR emission. Our study provides an ex-
cellent simulation for the James Webb Space Telescope
(JWST) and Space Infrared Telescope for Cosmology
and Astrophysics (SPICA). At this point, the deep ob-
servations with 8 − 10 m class telescopes in the NIR,
ALMA, Chandra, and XMM −Newton telescopes are
feasible to identify DSFGs/AGNs of protoclusters. How-
ever, given their large variation, several protoclusters at
z ∼ 4 need to be observed to evaluate a typical value.
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APPENDIX
A. DATA SUMMARY
Table A1. Summary of the data
Instrument Band Wcen
a FWHM PSFa Point source detection limitb 1σ (stack, 4’)c
(µm) (arcmin) (Jy) (mJy)
(7) (8) (9) (10) (11) (12)
Plancka 857 GHz 350 4.92 0.166 5.2
545 GHz 540 4.68 0.118 2.8
353 GHz 840 4.22 0.069 1.1
IRAS 60 60 3.6 0.6 4.7
100 100 4.2 1.0 7.0
Note—aThe central wavelengths and FWHM of the PSFs for Planck are from https://wiki.cosmos.esa.int/planck-
legacy-archive/index.php. For IRAS, AKARI, WISE and Herschel, we refer IRAS Explanatory Sup-
plement (https://irsa.ipac.caltech.edu/IRASdocs/exp.sup), Doi et al. (2015) and Takita et al. (2015),
http://wise2.ipac.caltech.edu/docs/release/allsky and https://www.cosmos.esa.int/web/herschel/home, respectively. For
WISE, we list FWHM of the PSFs for Atlas image which are larger than those of a single exposure image. bThe
point source detection limits in the literatures. For Planck, we refer the 90 % completeness limits listed in Ta-
ble 1 of Planck collaboration XXXIX (2016), originally given in mJy. For IRAS, we refer the completeness limit
for IRAS Point Source Catalog, Version 2.0 (Helou & Walker 1988; https://heasarc.gsfc.nasa.gov/W3Browse/iras
/iraspsc.html). For AKARI, we refer AKARI/FIS All-Sky Survey Bright Source Catalogue Version 1.0 Release Note
(https://www.ir.isas.jaxa.jp/AKARI/Archive/Catalogues/PSC/RN/AKARI-FIS BSC V1 RN.pdf). For Herschel, we refer
the 5σ detection limit for H-ATLAS data release 1 (Valiante et al. 2016), originally given in mJy. For WISE, we refer the 5σ
detection limit in the Release Note (http://wise2.ipac.caltech.edu/docs/release/allsky). cThe standard deviation of the fluxes
in 4-arcmin diameters measured by 1000 times iteration of the stacking analysis at random positions in similar manner with
the protoclusters (N = 216 for Planck, IRAS, AKARI and WISE, and N = 93 for H-ATLAS).
B. STACKING ANALYSIS SIMULATION
We simulate the flux of a protocluster enclosed in an
aperture by stacking mock images. Here four cases are
assumed as follows: (1) one source at a random position
within 2 arcmin, (2) three to five sources at random po-
sitions and flux values within 2.5 arcmin, (3) three to
five sources at random positions and flux values within
5.0 arcmin from the center, and (4) observed distribu-
tion and fluxes of SMGs at zspec ≈ 3.09 in the SSA22
protocluster. Their average flux distributions are more
extended in the order of (1)<(2)<(4)<(3). At total of
214 mock images are generated and, smooth the images
to have FWHM PSF 4.9 arcmin;, and they are stacked
for each case. The total flux of the sources on a mock
image is a fixed value. In case (4), random rotations and
random shifts within 2 arcmin centering at the brightest
source are added.
Fig. B1 shows the simulated images. We compare the
observed radial profiles of the protoclusters at 857 GHz
smoothed to have a FWHM of the PSF 4.9 arcmin to
the simulations in Fig. B2 (left). The observed radial
profiles are more extended than that of a point source.
All protoclusters are similar to case (1) and (2) while
the brighter-half protoclusters are more similar to case
(4). Fig. B2 (right) shows the flux fraction enclosed in
an aperture. In cases (1), (2) and (4), ∼ 29%, 28%, and
22 % of the total fluxes are enclosed in a 2 arcmin aper-
ture radius. The aperture correction factors obtained
using Herschel as in Section 3.4 are identical to them.
C. FAINTER HALF PROTOCLUSTERS
Figures C1 and C2 show the Planck 353, 545, and 857-
GHz stacks for the 1st quartile and 2nd quertile from the
lowest of the 857 GHz flux distribution of the protoclus-
ters (Fig. 2).
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Table A1. Summary of the data –continues
Instrument Band Wcen
a FWHM PSFa Point source detection limitb 1σ (stack, 4’)c
(µm) (arcsec) (Jy) (mJy)
(1) (2) (3) (4) (5) (6)
AKARI N60 65 63.4 2.4 16
WIDE-S 90 77.8 0.5 5.1
WIDE-L 140 88.3 1.4 7.1
N160 160 88.3d 6.3 14
Herschel 100 98 11.8× 11.0 0.220 64
160 154 14.6× 12.9 0.245 48
250 247 18.4× 17.4 0.037 20
350 347 24.9× 23.6 0.047 6.5
500 497 37.0× 33.8 0.051 4.8
WISE W1 3.368 8.25 0.068 ×10−3 0.56
W2 4.618 8.25 0.098 ×10−3 0.27
W3 12.082 8.25 0.86 ×10−3 0.16
W4 22.194 16.5 5.4 ×10−3 0.27
Note—dFWHM of the PSF for WIDE-L
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Figure B1. Simulation of the stacking analysis in case (1) to (4) from left to right
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Figure B2. Left: Radial profiles of the protoclusters compared with the simulations. The black solid curve shows the radial
profile of a point source. The black dashed curve, and red solid, dashed, and dotted curves show the average radial profiles
for case (1), (2), (3), and (4) measured by a thousand times iterations for each. The red filled circles and blue filled squares
show the radial profiles of the all and brighter-half protoclusters measured on the stacked images at Planck 857 GHz smoothed
to have FWHM of the PSF 4.9 arcmin. Right: Similar to left panel but flux completenesses at a given aperture are shown in
y-axis. The red filled circle and blue filled square show the aperture correction factors found in Section 3.4.
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Figure C1. Planck 353, 545, and 857-GHz stacks for the 1st quartile from the lowest of the flux distribution of the
protoclusters, from left to right.
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Figure C2. Planck 353, 545, and 857-GHz stacks for the 2nd quartile from the lowest of the flux distribution of the
protoclusters, from left to right.
